SUMMARY -Leukoencephalopathy is a hallmark of mitochondrial neurogastrointestinal encephalomyopathy (MNGIE) a devastating disorder characterized by ptosis, ophthalmoparesis, gastrointestinal dysfunction and polyneuropathy. To characterize MNGIE-associated leukoencephalopathy and to correlate it with clinical, biochemical and molecular data, four MNGIE patients with heterogeneous clinical phenotypes (enteropathic arthritis, exercise intolerance, CIDP-like phenotype and typical presentation) were studied by magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS). Diffusion weighted imaging (DWI) with apparent diffusion coefficient (ADC
Introduction
Mitochondrial neurogastrointestinal encephalomyopathy (MNGIE) is an autosomal recessive disorder of nucleotide metabolism due to TYMP gene mutations that cause loss of thymidine phosphorylase (TP) activity. TP deficiency results in marked elevation of thymidine and deoxyuridine levels, nucleotide pool imbalance, subsequent instability of mitochondrial DNA (mtDNA) and impairment of the mitochondrial respiratory chain 1, 2 .
Patients develop symptoms at a mean age of 18 years with disease onset ranging from five months to more than 50 years of age [3] [4] . The disease course is relentlessly progressive leading to death at a mean age of 35 years 3 . Classically, MNGIE manifests as a multisystemic disorder affecting mainly the gastrointestinal and nervous systems with severe gastrointestinal dysmotility, cachexia, ptosis and ophthalmoparesis, peripheral neuropathy and leukoencephalopathy 3, [5] [6] . However, MNGIE patients with incomplete or atypical clinical pres-imaging feature of an underlying respiratory chain disorder, whereas a 'leukodystrophic' pattern is very rarely observed in adult onset mitochondrial disorders, with the exception of MNGIE 20 . MR spectroscopy (MRS) represents a useful investigational tool in the study of mitochondrial diseases, as it supplies additional information compared to conventional imaging 21 . N-acetyl-aspartate (NAA) decrease is currently interpreted as the most sensitive sign of neuronal rarefaction or dysfunction in many metabolic and neurodegenerative brain diseases [22] [23] [24] . Choline (Cho) decrease is supposed to be the spectroscopic correlate of an impairment of normal membrane maintenance processes due to reduced energy production 21 . High Cho levels in the white matter likely reflect the release of phosphocholine and glycerophosphocholine due to demyelination and membrane remodelling 25, 26 . Elevation of lactate, the end product of nonoxidative metabolism, can also be observed in the absence of plasma lactic acidaemia 21 and usually represents a marker of respiratory chain dysfunction in brain 24 . This study used MRI to evaluate four MNGIE patients with both classical and clinically heterogeneous phenotypes. In two of these patients we performed serial imaging studies at an interval of one and two years after the first examination in order to assess the evolution of leukoencephalopathy. MRS and diffusionweighted imaging (DWI) with calculation of apparent diffusion coefficient (ADC) maps were also obtained in three of them.
entations have been described and frequent misdiagnosis such as anorexia nervosa, inflammatory bowel disease, superior mesenteric artery syndrome, Whipple disease, chronic intestinal pseudo-obstruction, chronic inflammatory demyelinating polyneuropathy (CIDP) and Charcot Marie Tooth (CMT) disease have been reported [7] [8] [9] [10] . Leukoencephalopathy is a hallmark of MNGIE, so far reported in all patients 3, 6 . Brain magnetic resonance imaging (MRI) in MNGIE patients usually shows symmetric and confluent T2-hyperintensity in the white matter of the semioval centres with sparing of subcortical U-fibers, and less frequently in the cerebellar white matter, splenium of the corpus callosum, basal ganglia and thalami 11, 12 . In addition, cerebellar atrophy in a few MNGIE patients 12, 13 and post-contrast MR gadolinium enhancement in one patient were reported 14 . Even though a number of patients showed symptoms and signs of central nervous system involvement such as cognitive impairment, dementia, seizures, headaches or psychiatric symptoms 3, 15 , the clinical correlates of white matter involvement are unclear 3, 5, 6 . In mitochondrial disorders a correlation between brain imaging and genotype and/or biochemical findings can be difficult to demonstrate 16, 17 and clinical presentation may be disproportionate to the extent of white matter involvement 18, 19 . In childhood, a 'leukodystrophic' (white matter abnormalities) MRI pattern may be the only or the most significant 
Patients and Methods
Four biochemically and genetically proven MNGIE patients were studied. Clinical findings of these patients have already been reported 10, 27 ; clinical, biochemical and molecular data are summarized in Table 1 .
Briefly, Patient 1, a 33-year-old woman, complained of episodes of abdominal pain with alternating diarrhoea and constipation over a ten-year period. At age 25, she had slight persistent fever and recurrent episodes of migrant arthritis. At age 31, she began complaining of paraesthesias in her fingers and toes. A neurological examination revealed partial bilateral blepharoptosis, diffuse muscle atrophy, reduced joint position and vibration sense in the lower limbs, absent ankle tendon reflexes, and reduced knee jerk. An electroneurographicelectromyographic (ENG-EMG) study showed a demyelinating sensory motor polyneuropathy. Further tests showed increased urinary levels of thymidine (26.49 mmol/mol creatinine; n.v. 0.04-0.05) and deoxyuridine (67.77 mmol/mol creatinine; n.v. 0.02-0.04) and virtual absence of blood TP activity in buffy coats. Direct sequencing of TYMP revealed the homozygous c.1160-1 G>A splice acceptor site mutation.
Patient 2, the 38-year-old brother of patient 1, reported lifelong exercise intolerance and occasional muscle cramps and, during the last two years, an alternating bowel function without abdominal pain. Urinary thymidine and deoxyuridine levels were increased (61.51 mmol/mol Following our chemical-shift imaging (CSI)-based shimming procedure, an 11 cm anteriorposterior × 8 cm left-right × 2 cm inferior-superior 1H-MRSI VOI was centred on the semioval centres and excited using TE/TR=135/1700 ms point resolved spectroscopy (PRESS). The VOI was encoded with 16×16 2D-CSI over a 18 × 18 cm FOV. Voxel size was 1.3 × 1.3 × 2 cm. At four averages, the 1H-MRSI study, repeated twice with and without water suppression for subsequent eddy current correction, took approximately 12 minutes.
Finally the initial sagittal T1-weighted MP-RAGE was repeated after iv contrast injection and again reconstructed in axial and coronal slices.
The entire protocol took 40 minutes. MRS post-processing was performed on an off-line workstation. Voxels were interpolated to 6.5 × 6.5 × 20 mm.; peak areas of water, nacetyl-aspartate (NAA), choline (Cho), lipid, lactate and creatine/phosphocreatine (Cr) were assessed and metabolite ratios of Cho/NAA, NAA/Cr and Cho/Cr were calculated for each given voxel.
Colour maps summarizing results distribution for each of these parameters were obtained. For each patient the values found in the white matter presenting areas of hyperintensity in T2-weighted images were compared with those obtained from normal appearing white matter (NAWM) and/or subcortical areas of the same patient, and with those collected from a pool of healthy subjects previously studied in our Department. sis and ophthalmoplegia, sensorineural deafness, diffuse muscle atrophy with severe feet dorsiflexor weakness, reduced joint position and vibration sense in the lower limbs and no deep tendon reflexes. Nerve conduction study showed a severe demyelinating sensory and motor polyneuropathy. Urine thymidine was 23.01 mmol/mol creatinine and urine deoxyuridine was 79.70 mmol/mol creatinine. Blood TP activity was undetectable. Direct sequencing of TYMP gene showed the homozygous c.1160-1G>A mutation. All four patients underwent MRI; in patients 2, 3 and 4 an MRS study was performed at the time of diagnosis. Patients 2 and 3 also underwent repeated MRI and MRS studies at an interval of one and two years. All the MRI studies were performed on a 3T Allegra MRI scanner (Siemens AG, Erlangen Germany) with a transmitting-receiving head coil. Axial T2-weighted (T2w) (TE/ TR=100/4000 ms) and axial and coronal fluid attenuate inversion recovery (FLAIR) (TE/TI/ TR=88/2500/9000 ms) images were acquired. To guide the spectroscopic volume-of-interest (VOI) sagittal T1-weighted (T1w) MP-RAGE (TE/TI/TR=2.6/1800/1360 ms) was obtained and reconstructed in axial and coronal slices.
Diffusion-weighted images were acquired in the transverse plane using a spin-echo echoplanar imaging sequence with the following parameters: TE/TR/TI=100/12,000/2,200 ms diffusion gradient encoding in three orthogonal directions; b= 500 and 1.000 s/mm 2 : section thickness 5 mm. After pixel-by-pixel calculation ADC maps were always obtained. While the ADC map effectively reveals the increased diffusivity in ROI 1 corresponding to T2 hyperintensity, b1000 DWI shows a comparable signal in the two areas because of a balance between T2 shine through hyperintensity and signal loss due to increased diffusivity as seen in the ventricles (T2 washout phenomenon). This finding, together with increased water signal in MRS studies, could confirm that, at least partially, T2 WM hyperintensity is due to vasogenic interstitial oedema.
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Results
MRI findings obtained at first evaluation and in two patients in the follow-up are summarized in Table 2 .
ADC values were calculated on maps obtained from DWI imaging, using 5 mm diameter ROIs positioned on areas of T2 white matter hyperintensity and on areas of T2 NAWM. Figures 4A,B . The colour map showed lower levels of NAA distribution in T2 hyperintense supraventricular areas in a MNGIE affected patient (A) compared to a normal subject (B) In normal patients NAA tended to be uniformly higher in the semioval centres far from cortical grey matter. The choline/NAA ratio was significantly higher in T2 hyperintense areas (red and yellow) compared to subcortical regions in MNGIEaffected patients (C). This pattern was not found in normal patients where the ratio was stable and comparatively lower (D).
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MAPS, the NAA reduction was most marked (Figure 4 ) in T2 hyperintense periventricular areas as compared with subcortical white matter from the patients and with periventricular white matter from control subjects. The water signal in non-suppressed MRS sequences was significantly higher than normal in T2 hyperintense areas of the studied patients and showed a gradual centrifugal decrease in NAWM. This higher signal further increased in follow-up studies in patients 2 and 3. No lactate or lipid peaks were observed.
Discussion
MNGIE is a devastating progressive disease that leads inevitably to death if not treated. Nowadays, promising new therapeutic options, such as allogeneic haematopoietic stem cell transplantation (HSCT) 28 and CEETP therapy are available 29 . This implies that the diagnosis should be made as early as possible to prevent organ damage and to maximize the benefits of treatments [28] [29] [30] . White matter alterations in supratentorial areas can be considered a hallmark of MNGIE because they are present in patients with both classical phenotype and atypical presentation 3, 6, [10] [11] [12] . Therefore, if a clinical suspicion emerges, MRI often addresses the correct diagnosis.
By contrast, patients with MNGIE-like phenotypes and mutations in genes other than TYMP such as ribonucleoside-diphosphate reductase subunit M2 B (RRM2B) 31 , polymerase gamma (POLG) 32, 33 and mitochondrial DNA (mtDNA) 34 , usually present with hyperintense, often symmetric non-enhancing lesions in the basal ganglia or patchy signals throughout the white matter. An MNGIE-like patient having gastrointestinal dysmotility, cachexia, peripheral neuropathy and ophthalmoplegia diagnosed by us with a POLG mutation did not show any brain MRI abnormality (data not published).
Our study confirms the usefulness of MRI in diagnosing MNGIE also when patients showed non-classical phenotypes. The three patients with atypical presentation, patient 1 with enteropathic arthritis, patient 2 with exercise intolerance and patient 3 having a CIDP-like phenotype, had MRI findings consistent with the diagnosis of MNGIE. Although a recent single voxel brain MRI/MRS study on three MNGIE siblings suggested a direct correlation between clinical features and the extent of leukoencephalopathy 35 , in our patients, age, clinical phenotype and Patient 1. T2-weighted and FLAIR brain MRI sequences showed diffuse hyperintensity in the white matter of supratentorial areas ( Figure 1A ) and subtle T2 hyperintensity within the pons.
Patient 2. A first brain MRI revealed large confluent almost symmetrical hyperintense areas on T2-weighted and FLAIR images in the white matter of the semioval centres (Figure 1B) . Serial brain MRI, performed one and two years later, showed the appearance of new lesions on T2-weighted imaging and FLAIR located eccentrically from the initial periventricular lesions and expanding towards subcortical white matter. Signal alterations already present in the first study appeared more evident in the following images.
Patient 3. Brain MRI showed almost symmetric hyperintense areas in the white matter of the semioval centres and periventricular white matter on T2-weighted and FLAIR images. Signal alterations on FLAIR images appeared less diffuse than in patients 1 and 2 ( Figure 1C) . A second and third follow-up brain MRI showed a progressive increase in supratentorial signal alterations with an evolution comparable to that observed in patient 2 ( Figure 2) . Patient 4. Brain MRI revealed diffuse and symmetric T2-weighted and FLAIR hyperintense areas which were more obvious in the white matter of the semioval centres ( Figure  1D ). Signal alterations appeared more widespread than in the other patients, also involving the temporal lobes.
Cerebellum and internal capsules were spared in all patients, while the brainstem was involved only in patient 1. In all four patients no enhancement was noted after gadolinium administration. ADC MAPS showed increased diffusivity corresponding to signal alterations in FLAIR sequences, while b1000 DWI images did not show significant signal alterations with isointensity of T2 altered regions and NAWM (Figure 3 ).
Brain MRS in patient 4, who had the most widespread lesions, showed a reduction of NAA and increased Cho signal in the white matter T2 hyperintense areas. In patients 2 and 3 the Cho/NAA signal ratio was just below the upper limit of normal range in the hyperintense white matter areas, as compared to NAWM and to white matter in healthy volunteers, at the MRS first study. However, the reduction of NAA and the increase in Cho have become progressively more evident in the follow-up MRSs in parallel with the extension and progression of the white matter T2 signal hyperintensities.
By MRS metabolite distribution colour studies are necessary to clarify these issues. MR spectroscopy study, performed in three of our patients, showed a reduction of NAA in periventricular areas and an increase in Cho signals in the T2-hyperintese areas of the semioval centres, without lactate peaks. In patients 2 and 3 MRS alterations became evident in the followup studies, when T2 hyperintensity increased.
The few MRS studies performed in MNGIE patients show inconsistent results. In one report, all three studied patients had increased water content, reduced NAA, Cho and Cr and no lactate peaks in the areas of white matter T2-hyperintensity 35 , whereas in another study no abnormalities of the main metabolites were detected 36 . Divergent results were also obtained in pathological studies of brain autopsies in which loss of myelin and reduction of the number of myelinated fibres without gliosis were found in one patient 37 , while in two other studies no demyelination, gliosis, or spongy degeneration were detected 38, 39 . On the other hand, a MNGIE mouse model showed increased T2 signal in the cerebral white matter on MRI and, at pathological evaluation, multiple vacuoles in subcortical, periventricular, internal capsule and cerebellar white matter without signs of focal demyelination 40 . In spite of the paucity of signs of central nervous system involvement, our results (reduction in NAA and increase in Cho peak) seem to confirm not only "functional" damage of the white matter but rather a neuronal and myelin dysfunction in the MNGIE brain.
The DWI and ADC MRI studies performed in our patients merit some comment. The isointensity on b1000 DW images between hyperintense and normally intense regions in T2-w images associated with increased ADC values in T2 hyperintense areas observed in our patients (Figure 3 ) may be the result of a balance of DW images between the increased T2 relaxation (hyperintensity in DWI because of T2 prolongation in Epi T2-w images, known as T2 shine through) and the increased diffusivity (hypointensity in DWI, like cerebrospinal fluid in the ventricles). This may explain why, although DWI images show diffuse nearly isointense white matter, ADC maps reveal increased diffusivity in regions of signal alterations in T2. The phenomenon is known as T2 washout 41, 42 and is determined by annulment of DWI hypointensity because of T2 hyperintensity, as seen in posterior reversible encephalopathy syndrome 43 . This finding could indicate vasogenic interstitial oedema and correlate with the results of pathological studies 39 .
severity of the disease did not significantly correlate with the extension and distribution of the white matter abnormalities. Patients 1 and 2 had almost the same brain MRI picture despite the different presentation, severity and course of the disease; patient 2, the eldest, had the mildest clinical phenotype, but brain involvement on MRI was more widespread than that observed in patient 3 who had a more severe neurological condition. Patient 4, the youngest and the only one with typical presentation, was severely affected with the most widespread involvement of brain white matter. It is noteworthy that our patients did not manifest clinical signs of CNS involvement and were apparently cognitively unaffected, thus suggesting that the signal alterations seen on brain MRI do not reflect any extensive structural damage of the white matter. Nor could we find any clear correlation between the extension and distribution of white matter abnormalities and biochemical and molecular findings. TP activity in buffy coats was virtually absent in all of our patients while urine nucleoside levels varied among them. In particular, patient 2 had the highest urine levels, the mildest phenotype and a brain MRI picture very similar to that of patient 1, who had lower nucleoside urinary levels. Moreover, three patients with different MRI patterns (patients 1 and 2 with very similar white matter alterations in supratentorial areas, and patient 4 with the most widespread involvement of white matter) harboured the same molecular defect, suggesting again a lack of correlation data. These results differ from a previous study reporting that brain MRI findings might vary with TYMP mutations and residual TP activity 11 . An interesting issue is that follow-up brain MRIs, performed at an interval of one and two years in patients 2 and 3, revealed a progression of white matter signal alterations, regardless of the clinical course. Patient 2 was clinically stable and still without therapy, while the clinical conditions of patient 3 initially worsened, but subsequently showed a mild improvement after CEETP therapy was begun. It is unknown whether white matter MRI alterations progress with the patient's age and/or clinical disease and if so, at what rate 11 . In particular, no data about white matter alterations in treated MNGIE patients have been reported so far. We observed a worsening of white matter alterations in the course of treatment in patient 3 and we do not know if the progression of the leukoencephalopathy may slow down or be halted by therapy, and at what pace. Further that the coexistence of vasogenic oedema and glial dysfunction may play a synergistic role in causing the T2 white matter hyperintensity observed in MNGIE patients. Considering the new therapeutic options, the systematic study of brain MRI in untreated and treated MNGIE patients will probably help clarify the pathophysiology of white matter abnormalities and establish whether MNGIE-associated leukoencephalopathy is a reversible condition or not. 
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Conclusions
Brain MRI is a very useful tool in diagnosing MNGIE patients and distinguishing MNGIE from MNGIE-like patients. Therefore, it should be performed even when symptoms and signs of central nervous system involvement are absent. The extension and distribution of leukoencephalopathy do not clearly correlate with age and clinical picture, hence they should not be considered reliable markers of disease severity in MNGIE. In our patients, leukoencephalopathy slowly worsened over a two-year period regardless of the clinical course, suggesting the tendency of white matter alterations to become diffuse and confluent. In addition, this is the first study reporting a specific analysis of MRS multi-voxel colour maps and serial quantitative ADC evaluation in MNGIE, indicating
